Members of the basic helix-loop-helix (bHLH) family of transcription factors have been shown to control critical aspects of development in many tissues. To identify bHLH genes that might regulate specific aspects of retinal cell development, we investigated the expression of bHLH genes in single, developing mouse retinal cells, with particular emphasis on the NeuroD family. Two of these factors, NeuroD2 and NeuroD6/NEX, had not been previously reported as expressed in the retina. A series of loss-and gain-of-function experiments was performed, which suggested that NeuroD genes have both similarities and differences in their activities. Notably, misexpression of NeuroD genes can direct amacrine cell processes to two to three specific sublaminae in the inner plexiform layer. This effect is specific to cell type and NeuroD gene, as the AII amacrine cell type is refractory to the effects of NeuroD1 and NeuroD6, but uniquely sensitive to the effect of NeuroD2 on neurite targeting. Additionally, NeuroD2 is endogenously expressed in AII amacrine cells, among others, and loss of NeuroD2 function results in a partial loss of AII amacrine cells. The effects of misexpressing NeuroD genes on retinal cell fate determination also suggested shared and divergent functions. Remarkably, NeuroD2 misexpression induced ganglion cell production even after the normal developmental window of ganglion cell genesis. Together, these data suggest that members of the NeuroD family are important for neuronal cell type identity and may be involved in several cell type-specific aspects of retinal development, including fate determination, differentiation, morphological development, and circuit formation.
Introduction
The vertebrate retina is an excellent model for studying the development of cellular diversity in the CNS because it contains many functionally distinct and well characterized cell types (Masland, 2001) . Retinal cells belong to one of five neuronal cell classes or to one glial cell class, and each class contains one or more distinct cell types. Although cells within a general class share broad characteristics, specific cell types have similar morphological, molecular, and physiological properties, which underlie their shared function (Masland, 2004) . Developmentally, cells of the same type must attain these shared attributes through shared or convergent mechanisms. However, the retina must also generate the appropriate degree of cellular diversity to ensure that all of the distinct cell types are produced and project to their correct synaptic targets to form functional neural circuits. The molecular mechanisms that drive cell type-specific development, generate diversity across cell types, and form circuits to link these cell types are under investigation in several systems.
The basic helix-loop-helix (bHLH) transcription factors are one family of genes that has been shown to be important for the specification of distinct retinal cell classes ( (Morrow et al., 1999; Inoue et al., 2002) and, in a few cases, for the development of specific cell types (Bramblett et al., 2004; Feng et al., 2006) . The changing expression patterns of bHLH factors, along with other factors like homeodomain transcription factors, are thought to influence the competence of retinal progenitor cells to produce these cell types over the course of retinal development (Cepko, 1999; Hatakeyama and Kageyama, 2004) . However, to generate the extensive diversity of ϳ55 retinal cell types, far more factors must be required than those that have been identified thus far.
The retina is also a powerful system for studying local neurite targeting because its cell types project in stereotyped patterns to well defined laminae within the retinal plexiform layers (Sanes and Zipursky, 2010) . The bHLH family of transcription factors has been implicated in neurite outgrowth, target selection, and synaptogenesis elsewhere in the CNS (Gaudillière et al., 2004; Ince-Dunn et al., 2006; Yang et al., 2009) . However, this function of bHLHs has not been explored in the retina. Several molecular mechanisms have recently been discovered that influence the patterning of retinal neurites and the lamination of the inner plexiform layer. These genes include adhesion molecules as well as repulsive transmembrane guidance cues and self-avoidance fac-In situ hybridization on retinal sections and dissociated cells was performed as previously described (Trimarchi et al., 2007) . For experiments with codetection of dissociated cell RNA in situ hybridization and 5-ethynyl-2-deoxyuridine (EdU) labeling, postnatal day 0 (P0) mouse pups were injected with 10 g of EdU per gram of animal. Retinae were harvested after 2 h, dissociated, fixed to glass slides with 4% PFA in PBS, pH 7.4, and stored at Ϫ20°C in methanol until needed (Trimarchi et al., 2007) . Detection of RNA by in situ hybridization was performed before detection of EdU. The tyramide reaction was developed for 15 min. Slides were then washed three times in 1ϫ PBS and postfixed with 4% PFA in PBS, pH 7.4. EdU labeling was detected with a Click-iT EdU Imaging Kit (Invitrogen; C10083). Slides were rinsed twice in 3% BSA in PBS. Detection solution was applied directly to slides and slides were incubated in the dark for 30 min at room temperature. Slides were rinsed again in 3% BSA in PBS, incubated in DAPI in 1ϫ PBS, rinsed in PBS, and coverslipped.
Microscopy and image analysis. Images were acquired using a Leica TCS SP5 confocal microscope. Images were analyzed, quantified, and uniformly adjusted for brightness, contrast, and smoothing using Imaris 5.7 software (Bitplane). Colocalization of molecular markers in individual cells was assessed by analysis of three-dimensional Z-series with Imaris 5.7 software.
Misexpression constructs and in vivo electroporation. The plasmid CAG: NeuroD1-ires-GFP was constructed by PCR amplification from a full-length mouse cDNA clone using NeuroD1, forward, 5Ј-ATATGAATTCATGAC-CAAATCATACAGCGAGA-3Ј, and NeuroD1, reverse, 5Ј-ATATGCGGC-CGCTAATCGTGAAAGATGGCATTAAG-3Ј, primer sets and cloning into the CAGIG vector (Matsuda and Cepko, 2004) , using EcoRI and NotI restriction sites. CAG:NeuroD2-ires-GFP was constructed using an identical strategy by PCR amplification of a full-length cDNA from EST BC058965 using NeuroD2, forward, 5Ј-ATATGAATTCATGCACCATGCTGAC-CCGCCTGTTC-3Ј, and NeuroD2, reverse, 5Ј-ATATGCGGCCGCT-CAGTTATGGAAAAATGCGTT-3Ј, primer sets. CAG:NeuroD6-ires_GFP was cloned from a full-length mouse EST using NeuroD6, forward, 5Ј-GTACTGAATTCTGACTACCGTTTGAC-3Ј, and NeuroD6, reverse, 5Ј-GATCGCGGCCGCCAATTATGAAAAAC-3Ј, primer sets. Each construct was verified by sequencing. CAGIG was electroporated alone for control experiments.
In vivo injection of expression constructs and electroporation was done on male and female pups exactly as previously described (Matsuda and Cepko, 2004) except for using an oocyte microinjector (Drummond; 3-000-510-X) or a Femtojet Express pressure injector (Eppendorf; 920010521) and pulled glass pipettes (Dumont/Drummond; 3000-210-G8) or capillary pipette tips (Eppendorf; E5242956003) to deliver ϳ0.1 l of 1 g/l DNA solution to the subretinal space of the developing mouse eye.
Statistical methods. To compare differences between control and experimental values for statistical significance, Student's two-tailed t test was used for measurements based on categorical data (i.e., percentage of electroporated cells belonging to a given cell class).
Results

Developing retinal cell types express distinct atonal-like basic helix-loop-helix transcription factors
To determine whether individual bHLH transcription factors are differentially expressed among specific retinal cell types, microarray data from single profiled amacrine cells (Cherry et al., 2009) were analyzed. The dataset included single developing amacrine cells belonging to the major groups of the amacrine cell class, the GABAergic and glycinergic cells, as well as several specific amacrine cell types. GABAergic amacrine cells were identified according to their expression of Gad1. Glycinergic amacrine cells were identified according to their expression of GlyT1. Cholinergic amacrine cells were identified according to expression of VAChT. AII amacrine cells were identified according to expression of Dab1, Gjd2 (formerly known as Gja9), and Gtf2h4. Cholinergic and AII amacrine cell types were also identified independently through a previous unsupervised clustering study (Cherry et al., 2009) . The dataset also included amacrine cells that did not express Gad1 or GlyT1. Different bHLH transcription factors belonging to the atonal-like superfamily were found to be expressed in distinct amacrine cell types.
The atonal-like superfamily of bHLH transcription factors is made up seven families: NeuroD, Neurogenin, Beta3, Oligo, Mist, Atonal, and Net (Ledent et al., 2002) . Members of the NeuroD, Neurogenin, and Beta3 families were found to be expressed in distinct patterns among amacrine cell types (Fig. 1) . Ngn2, a member of the neurogenin family, was expressed in 50% of GABAergic amacrine cells, but not in glycinergic or other amacrine cell types. Among the other GABAergic amacrine cells, Ngn2 was expressed in three of three cholinergic, starburst-type amacrine cells.
Members of the NeuroD family of atonal-like bHLH transcription factors are known to be important in development of the amacrine cell class (Morrow et al., 1999; Inoue et al., 2002) , but little is known about their specific expression in individual cell types. We found distinct patterns of expression of different NeuroD factors among individual amacrine cell types (Fig. 1) . NeuroD1 was expressed in cholinergic and AII amacrine cell types, among other GABAergic and glycinergic amacrine cells. In contrast, the expression of a closely related factor, NeuroD2, was exclusive to a small subset of glycinergic amacrine cells, including AII amacrine cells. NeuroD4/Math3 was expressed in 5 of 14 glycinergic amacrine cells, including AII amacrine cells, 1 of 2 GlyT1 Ϫ , Gad1 Ϫ amacrine cells, and 1 of 16 GABAergic cells. Although NeuroD1 was expressed in two of three AII amacrine cells, NeuroD2 and NeuroD4 were expressed in all three profiled AII amacrine cells. NeuroD6/Math2/Nex was expressed in one GlyT1
Ϫ , Gad1 Ϫ amacrine cell, but not in any GABAergic or glycinergic cells. Neither Ngn1/NeuroD3 nor Ngn3/Atoh5 were expressed in a serial analysis of gene expression study covering the development of the entire retina (Blackshaw et al., 2004) or in any of Ͼ160 profiles of single developing retinal cells (Trimarchi et al., 2007 Kim et al., 2008; Roesch et al., 2008; Cherry et al., 2009) .
Members of the Beta3 family of bHLH transcription factors include Bhlhb4 and Bhlhb5. Bhlhb4 was not expressed in any amacrine cells, consistent with a previous report (Bramblett et al., 2004) . Bhlhb5 has been reported to be expressed in amacrine and bipolar cells (Feng et al., 2006) . In our dataset, Bhlhb5 was expressed by 2 of 16 GABAergic and 1 of 14 glycinergic amacrine cells (Fig. 1) . Among the GABAergic cells, the only cell that expressed Tac1, a prepropeptide gene for substance P and neurokinin A, also expressed Bhlhb5.
Expression of Ngn2, NeuroD1, NeuroD4/Math3, and Bhlhb5 in the retina has been previously reported (Lee et al., 1995; Gradwohl et al., 1996; Sommer et al., 1996; Morrow et al., 1999; Inoue et al., 2002; Feng et al., 2006) , whereas expression of NeuroD2 and NeuroD6 in the retina has not been demonstrated. To verify the expression of these bHLH factors, RNA in situ hybridization of retinal tissue at developmental and mature time points was performed. NeuroD6 was expressed in the developing inner neuroblastic layer at embryonic day 18 (E18), whereas NeuroD4/Math3 was expressed in the outer neuroblastic layer (supplemental Fig. 1 , available at www.jneurosci.org as supplemental material). By P6, NeuroD2 was expressed in a pattern consistent with expression in amacrine cells, in the lower portion of the inner nuclear layer (INL). In the mature retina, NeuroD2 was expressed in a subset of amacrine cells in the lower portion of the INL and a subset of cells in the ganglion cell layer (GCL). NeuroD6 continued to be expressed in the developing GCL at P6 but also expanded its expression to the INL and horizontal cells. In the adult retina, NeuroD6 appeared to be expressed in the GCL and INL. Strong NeuroD6 signal was apparent at the apical border of the retina as well.
To further investigate the differential expression of bHLH family transcription factors in specific types of cells in the retina, we focused on NeuroD1, NeuroD2, and NeuroD6, three closely related bHLH family members.
NeuroD factors define distinct retinal cell types within the major cell classes of the retina To verify the expression of NeuroD genes in specific retinal cell types, we made use of three previously generated mouse lines, a NeuroD1 knock-out/lacZ knock-in line (Miyata et al., 1999; Morrow et al., 1999) , a NeuroD2 knock-out/lacZ knock-in line (Olson et al., 2001) , and a NeuroD6/NEX knock-out/cre recombinase knock-in line (Schwab et al., 2000) bred to the Rosa26 cre-sensitive lacZ reporter (R26R) (Soriano, 1999) . Although these reporter lines have been demonstrated to recapitulate endogenous gene expression, they only reflect transcriptional activity at these genetic loci. The respective reporters are not representative of posttranscriptional regulation. Despite this, we chose to analyze the knock-in mice as proxies for NeuroD factor expres- Figure 1 . Distinct atonal-like basic helix-loop-helix transcription factors are expressed in specific amacrine cell types during development. A heat map generated using Treeview software of atonal-like bHLH expression in 32 individual amacrine cells profiled between E16 and P8. Single profiled amacrine cells belonging to GABAergic (green), glycinergic (red), and other (yellow) amacrine cell groups express distinct bHLH family members. Ngn2 is expressed in a subset of GABAergic amacrine cell types, but not glycinergic or other amacrine cell types. NeuroD1 is expressed in cholinergic and AII amacrine cell types, among others. NeuroD2 expression is specific to AII amacrine cells and one other glycinergic amacrine cell. NeuroD4/Math3 is expressed in AII amacrine cells and is biased toward amacrine cells of the glycinergic group, but is expressed in other amacrine cells, including at least one type of GABAergic cell. NeuroD6 was expressed in one amacrine cell that did not express markers of GABAergic or glycinergic amacrine cells. Molecular classification of amacrine cell type was made based on expression of known amacrine cell type markers (Gad1 ϩ , GABAergic; GlyT1 ϩ , glycinergic; VAChT, cholinergic; Gtf2h4, AII amacrine; Gad1 Ϫ /GlyT1 Ϫ , other) and according to Pearson's correlation and Ward's clustering method of single-cell transcriptional profiles (Cherry et al., 2009). sion because reporter expression revealed the morphology of individual cells, and because currently available NeuroD2 antibodies showed a marked lack of specificity to their proposed epitopes (supplemental Fig. 2 , available at www.jneurosci.org as supplemental material).
Differential expression of bHLH transcription factors in distinct types of amacrine cells may occur transiently during development or as part of an enduring cell type-specific pattern. To distinguish between these possibilities in the case of NeuroD1 and NeuroD2, we analyzed heterozygous retinae containing one lacZ knock-in allele from developmental (P6) and mature (P22) time points. At P6, NeuroD1 was expressed in photoreceptors of the outer nuclear layer (ONL), in a subset of cells in the lower half of the INL, and in a subset of cells in the GCL. The pattern of expression in the INL and GCL was suggestive of amacrine cells and displaced amacrine cells or ganglion cells (supplemental Fig.  3A , available at www.jneurosci.org as supplemental material). By P22, NeuroD1 expression had expanded to include cells in the upper half of the INL, whose processes projected to the ON strata of the inner plexiform layer (IPL) corresponding to ON bipolar cells (supplemental Fig. 3B , available at www.jneurosci.org as supplemental material). Expression in photoreceptors and a subset of lower INL and GCL cells continued. NeuroD2 was expressed in a subset of cells in the lower INL and in a subset of cells in the GCL at P6 (supplemental Fig. 3C , available at www. jneurosci.org as supplemental material). NeuroD2 expression at P22 was similar to its expression at P6, but included cell bodies in the central portion of the INL (supplemental Figs. 2 A, B, 3D , available at www.jneurosci.org as supplemental material). NeuroD2-expressing cells in the central portion of the INL colocalized with Chx10, a marker for the bipolar cell class, but not with p27, a marker for Müller glial cells (Fig. 2 E, F; supplemental Fig. 4 A-H, available at www.jneurosci.org as supplemental material). In the lower INL, NeuroD2-expressing cells were a subset of Pax6 ϩ cells belonging to the amacrine cell class ( Fig. 2G ; supplemental Fig. 4 I-L, available at www.jneurosci.org as supplemental material). In the GCL, a subset of NeuroD2-expressing cells expressed Brn3, a marker for the ganglion cell class (Fig. 2 H; supplemental Fig. 4 M-P, available at www.jneurosci.org as supplemental material).
In the case of NeuroD6, it was possible to distinguish between transient and mature persistent expression by taking advantage of the cre-sensitive lacZ reporter and heterozygous mice for the NeuroD6:cre allele. Cells that have a history of NeuroD6:cre expression and their daughters will be labeled by cre-mediated recombination of the lacZ reporter allele and therefore express ␤gal. Cells that actively express NeuroD6 will also be immunoreactive for cre, which is driven directly by the NeuroD6 promoter. In contrast, cells that have a history of NeuroD6 expression, but no longer actively express NeuroD6, will be ␤gal ϩ , but cre Ϫ . In the mature retina, NeuroD6 fate mapped cells included cells in the upper part of the INL, just below the outer plexiform layer (OPL), cells in the inner portion of the INL, and cells in the GCL (Fig. 3A-H ). Cells actively expressing cre from the NeuroD6 locus were found in the inner half of the inner nuclear layer (Fig.  3D ). According to known molecular markers, neither Chx10-expressing bipolar cells nor p27-expressing Müller glia have a history of NeuroD6 expression (Fig. 3 E, F Although NeuroD1, NeuroD2, and NeuroD6 were expressed in many of the major cell classes of the retina, they were not expressed in every cell type within each of these major classes. To determine whether functionally distinct cell types express one or more NeuroD factors, we colocalized ␤gal, expressed from either the NeuroD1 or the NeuroD2 locus, or Cre expression from the NeuroD6 locus, with markers of molecularly defined cell types. NeuroD6 fate-mapped cells did not correspond to any single identified type of amacrine cell. A subset of these cells were GlyT1 ϩ glycinergic amacrine cells (Fig. 4 I; supplemental Fig.  8 A-D, available at www.jneurosci.org as supplemental material). However, among Gad65/67 ϩ amacrine cells, none was visibly fate-mapped according to the R26R-␤gal reporter (Fig. 4 J; supplemental Fig. 8 E-H, available at www.jneurosci.org as supplemental material). Cells in which NeuroD6 expression persisted in the mature retina corresponded to amacrine cells that did not appear to express either GlyT1 or Gad65/67 (Fig. 4 K; supplemental Fig. 8 I-N , available at www.jneurosci.org as supplemental material), in keeping with the microarray data. Cell type-specific bHLHs are expressed in retinal progenitor cells Members of the atonal-like superfamily of bHLHs that were seen in specific populations of postmitotic retinal neurons also were observed in mitotic retinal progenitor cells throughout development (Fig. 5A ). These cells were profiled and identified as progenitor cells in a previous study . Among progenitor cells, members of the Neurogenin, NeuroD, and Beta3 bHLH families were observed. Ngn2 and NeuroD1 were previously reported to be widely expressed among these progen- Figure 4 . NeuroD1, NeuroD2, and NeuroD6 expression is specific to distinct neuron cell types of the mature retina. The expression of NeuroD1 (A-D) or NeuroD2 (E-H ) was examined using immunofluorescent detection of ␤gal in mice heterozygous for the NeuroD1 or NeuroD2 knock-out/lacZ knock-in allele. The fate map of NeuroD6-expressing cells or constitutive expression of NeuroD6 was examined using immunofluorescent detection of ␤gal in mice heterozygous for the NeuroD6:cre allele and hemizygous for the R26R lacZ cre-responsive allele (I, J ) or by immunofluorescent detection of cre, respectively (K ). Specific cell types were defined according to immunoreactivity to cell type-specific markers. A, At P22, NeuroD1 (green) is expressed in PKC␣ ϩ (red) rod bipolar cells (RBPs) (white arrowheads). B, NeuroD1 is expressed in Dab1 ϩ (red) AII amacrine cells (white arrowheads). C, NeuroD1 is also expressed in ChAT ϩ (red) starburst (SB) amacrine cells in the INL (white arrowheads). NeuroD1-expressing cells (green) in the GCL are ChAT ϩ (red) displaced starburst amacrine cells (dSB) (white arrowheads). D, A schematic of retinal cell types expressing NeuroD1. Three of these cells, rod photoreceptors (PR), RBPs, and AII amacrine cells comprise the first part of the rod circuit. NeuroD1 is also expressed in at least one unidentified type of PKC␣ Ϫ cone bipolar cell (CBP) and SB and dSB amacrine cells. E, NeuroD2 is not expressed in PKC␣ ϩ (red) RBP cells (white chevrons), although in the lower INL it is expressed in a subset of PKC␣ ϩ (red) amacrine cells (white arrowheads). F, Dab1 ϩ AII amacrine cells (red) express NeuroD2 (green) (white arrowheads). G, ChAT ϩ amacrine cell types do not express NeuroD2. H, A schematic of retinal cell types that express NeuroD2. NeuroD2 is expressed in at least one type of PKC␣ Ϫ cone bipolar cell, AII amacrine cells, at least one type of PKC␣ ϩ , non-AII amacrine cell, and at least one ganglion cell type (GC) (see Fig. 2 H for GC staining). I, A subset of NeuroD6:cre fate-mapped cells (green) express GlyT1 (red) (white arrowhead). Another subset of NeuroD6 fate-mapped cells (green) in the inner INL do not (white chevron). J, NeuroD6:cre fate-mapped cells (green) do not express Gad65/67 (red). K, Cells actively expressing cre from the NeuroD6 locus (red) (white chevrons) [the asterisk (*) denotes background in vasculature] do not express GlyT1 (green) or Gad65/67 (blue). L, A schematic of retinal cells fate mapped by NeuroD6:cre (green) and cells actively expressing NeuroD6:cre in the mature retina. Horizontal cells, at least one type of glycinergic amacrine cell, at least one type GlyT1 Ϫ /Gad Ϫ amacrine cell, and at least one type of ganglion cell are fate mapped by NeuroD6:cre (green and red) (see Fig. 3H for GC staining). At least one type GlyT1 Ϫ /Gad Ϫ amacrine cell (red) is actively expressing NeuroD6 in the adult retinal. DAPI, Blue. Scale bars, 40 m.
itor cells . NeuroD2 was expressed in one progenitor cell, and NeuroD4 and Bhlhb5 were expressed in many progenitor cells. Of the atonal-like bHLHs that were differentially expressed in postmitotic amacrine cells, only NeuroD6, which was expressed in 1 of 32 amacrine cells, was not observed in the progenitor cell profiles.
To confirm the microarray data regarding expression of these factors in progenitor cells, retinae were labeled with EdU, a thymidine analog that is incorporated into progenitor cells during S-phase (Salic and Mitchison, 2008) , and RNA in situ hybridization was performed. At P0, NeuroD1 was expressed in approximately one-third of retinal progenitor cells labeled in vivo with EdU (Fig. 5B) . NeuroD2 was expressed in ϳ11% of EdU-labeled cells. At P0, NeuroD1-or NeuroD2-expressing cells that were not labeled by EdU were likely postmitotic cells or mitotic cells that were not in S-phase during the 2 h labeling period (Fig. 5B) .
Expression of bHLHs in retinal progenitor cells suggests that they may be active in these cells, or poised to act in the newly postmitotic daughter cells in cell type specification or differentiation programs. The function of NeuroD1 in retinal development has been well characterized (Morrow et al., 1999; Inoue et al., 2002) , so we focused additional functional investigations into bHLH function on NeuroD2 and NeuroD6, whose role has not been previously investigated in retinal cell type specification, differentiation, or maintenance.
Loss of NeuroD2 results in a cell type-specific decrease in cell number
To investigate the role of NeuroD2 during retinal development, we analyzed NeuroD2 lacZ/lacZ mice and compared them with wild-type and heterozygous littermates. To visualize cells that would normally express NeuroD2, we made use of ␤-galactosidase expression in the heterozygous and homozygous null mice. Comparing heterozygous NeuroD2 ϩ/lacZ retinae to NeuroD2 lacZ/lacZ retinae, we observed a slight decrease in ␤gal ϩ cells in NeuroD2 lacZ/lacZ ; however, the difference in cell number could not be distinguished from variation attributable to chance (Fig. 6 A-C) . Atonal-like bHLH factors that were expressed in specific subsets of developing amacrine cells are expressed in individually profiled retinal progenitor cells between E12 and P5. Ngn2, NeuroD1, NeuroD4/Math3, and Bhlhb5 were widely expressed in retinal progenitor cells throughout development. NeuroD2 was only expressed in one progenitor cell, at P0. NeuroD6 was not expressed in these cells. These cells were previously identified as progenitor cells according to known marker expression and a post hoc classification based on clusters of coexpressed genes centered around known markers of retinal progenitor cells . B, Retinae were labeled in vivo at P0 with a pulse of EdU (green) anda2hchase, and then subjected to dissociation and RNA in situ hybridization for NeuroD1 or NeuroD2 (red). NeuroD1 and NeuroD2 were expressed in a subset of EdU ϩ P0 retinal progenitor cells in, or recently in, S-phase of the cell cycle; however, most EdU ϩ cells did not express NeuroD1 or NeuroD2. There were also many NeuroD1-or NeuroD2-expressing cells that were not labeled by EdU. These cells are either postmitotic cells or progenitor cells that were not in S-phase during the time of EdU labeling. The green and yellow pie charts show the percentage of EdU-labeled cells that express a NeuroD factor (yellow) or do not express NeuroD factors (green). The multicolored pie charts show the percentage of total cells that were labeled with EdU and express NeuroD factors (yellow), that were labeled with EdU, but do not express NeuroD factors (green), that express NeuroD factors, but were not EdU ϩ (red), or cells that were not labeled by EdU or NeuroD ϩ (blue). NeuroD1: n ϭ 3 retinae, Ͼ380 cells were counted per retina. NeuroD2: n ϭ 3 retinae, Ͼ1370 cells were counted per condition. Scale bar, 10 m.
To determine what effect the loss of NeuroD2 may have on specific cell types that normally express NeuroD2, we investigated Dab1
ϩ AII amacrine cells in wild-type, heterozygous, and homozygous NeuroD2-null retinae. In comparing retinae from wild type, NeuroD2 ϩ/lacZ , and NeuroD2 lacZ/lacZ littermates, we observed a decrease in the number of AII amacrine cells (Fig.  6 D-G) , but no decrease in the numbers of ChAT ϩ amacrine cells, which do not express NeuroD2 (data not shown). The difference in number of Dab1 ϩ AII amacrine cells between wildtype and NeuroD2 lacZ/lacZ retinae was statistically significant ( p ϭ 0.008).
In the cerebellum, NeuroD2 is necessary for granule cell survival (Olson et al., 2001) . To determine whether the cell loss in NeuroD2 null retinae was the result of cell death, we performed immunofluorescence for anti-cleaved caspase 3. At P22, very few anti-cleaved caspase 3-immunoreactive cells were observed in any retina. It was possible, however, that the period of cell death preceded this time point, and so we also analyzed wild-type, NeuroD2 heterozygous, and knock-out retinae at an earlier postnatal time point (P6). The decrease in numbers of Dab1 ϩ and ␤gal ϩ positive cells in NeuroD2 lacZ/lacZ retinae, compared with wildtype and heterozygous retinae was already observable by this earlier time point (supplemental Fig. 2 , available at www.jneurosci. org as supplemental material) (data not shown).
Forced expression of individual NeuroD family members at P0 had differential effects on neuronal cell fate and suppressed gliogenesis
The distinct expression patterns of each NeuroD family member may impart a unique role for each gene in the developing and mature retina. Additionally, the individual properties of the NeuroD proteins themselves may influence cell specification or differentiation in distinct ways. To test this latter possibility, each NeuroD family member was misexpressed individually under a ubiquitous promoter in the developing retina by in vivo electroporation. This allowed for a direct comparison of NeuroD family member function in equivalent populations of cells. A bicistronic construct expressing NeuroD1, NeuroD2, or NeuroD6 and GFP (i.e., NeuroD1-ires-GFP) or a control plasmid expressing GFP alone (CAGIG) was electroporated into the retina at P0. Injection of plasmid solution into the subretinal space followed by electroporation drove DNA into retinal progenitor cells (Matsuda and Cepko, 2004) and likely a small subset of postmitotic cells. The fate of electroporated cells in the mid-central retina was then analyzed at a mature time point (P21).
Cells expressing each NeuroD factor were identified by GFP expression and compared with control retinae electroporated with GFP alone. When possible, NeuroD protein expression was verified by antibody staining (supplemental Fig. 9 , available at www.jneurosci.org as supplemental material). Cell fate was determined by position of the cell within the retina and expression of one or more molecular markers of retinal cell class. In electroporated retinae, photoreceptors were identified by their characteristic morphology and location in the ONL. In the INL, bipolar cells were identified by expression of Chx10, but not Sox9, p27, or Pax6. Müller glia were identified by expression of Sox9 or p27. Amacrine cells were identified by expression of Pax6, but not Sox9 or p27.
Among cells electroporated with GFP alone (n ϭ 7976 cells, 3 retinae), the majority became rod photoreceptors in the ONL of electroporated retinae (Figs. 7A-D 
Forced expression of NeuroD2 at P0 induces ganglion cell genesis
Unexpectedly, a small percentage of cells in the central retina electroporated with NeuroD1, NeuroD2, or NeuroD6 were found in the GCL (Figs. 7K, 8E ). This was surprising because these cells are very rarely observed in control electroporations and because most cells located in the GCL of the central retina are born before P0 (Young, 1985) . Although the percentages of NeuroD-induced cells in the GCL are small, cells electroporated with NeuroD2 were significantly more prevalent in the GCL compared with control electroporations (Fig. 8) . NeuroD2 also induced significantly more cells in the GCL compared with NeuroD6 ( p ϭ 0.015).
Based on their position in the GCL, these cells may be ganglion cells, displaced amacrine cells, or a mixed population of both classes of cells. To distinguish between these possibilities, we used Brn3, a broad marker for the ganglion cell class. Some of the NeuroD2-electroporated cells in the GCL expressed Brn3, whereas others did not, suggesting that these cells are a mixed population of ganglion and displaced amacrine cells (supplemental Fig. 10 , available at www.jneurosci.org as supplemental material). To further verify that a subset of the cells in the GCL induced by NeuroD2 electroporation were ganglion cells, we analyzed the optic nerve head (ONH) of retinae electroporated with NeuroD2-ires-GFP or control retinae. If a subset of cells in the GCL induced by NeuroD2 electroporation were ganglion cells, GFP-labeled axons would be visible in the ONH because the axons of ganglion cells leave the retina through this region to enter the optic nerve. Retinae were electroporated at P0 with NeuroD2-ires-GFP or the control plasmid and harvested at P12, a time point when a greater percentage of cells electroporated with NeuroD2 were visible in the GCL (Fig. 9) . In retinae electroporated with NeuroD2-ires-GFP, axons from labeled ganglion cells were clearly visible in the fiber layer and ONH, whereas no GFPexpressing axons were visible in the fiber layer or ONH of control retinae (Fig. 9 B, D) . To follow the axons of these induced ganglion cells to specific retinorecipient areas of the brain, electroporated retinae were injected in vivo with the tracer CTb-594. Rare axons from NeuroD2-ires-GFP-expressing ganglion cells were found at the optic chiasm; however, no axons were found in the optic tract or in retinorecipient brain nuclei (data not shown). This may be the result of incomplete filling of induced ganglion cell axons with GFP. However, additional attempts to label the ganglion cell axons with an electroporated plasmid encoding the very sensitive reporter, alkaline phosphatase, along with GFP also failed to demonstrate NeuroD2-induced ganglion cell axons in the optic tract or retinorecipient regions of the brain. This suggests the possibility that, although ganglion cells induced by NeuroD2 are able to extend axons into the optic nerve, these axons may subsequently display pathfinding defects.
Forced expression of individual NeuroD family members at P3 had differential effects on neuronal cell fate and suppressed gliogenesis
The ability of retinal progenitor cells to give rise to different cell fates changes over developmental time. To establish whether the effects of NeuroD family member expression are also dependent on developmental time, we overexpressed each NeuroD family member individually at P3. Of cells electroporated at P3 with GFP alone (n ϭ 7948 cells, 3 retinae), most adopted the rod photoreceptor, bipolar, or Müller glial cell fates (Figs. 10 A-D, 11) , consistent with the competency of retinal progenitor cells to produce these later-born cell classes (Young, 1985) . Only a small percentage of cells adopted the amacrine cell fate. The fates of NeuroD1-overexpressing cells (n ϭ 5802 cells, 3 retinae) were not significantly different from control cells, except that the Müller glial cell fate was strongly suppressed (Figs. 10F, 11C ). NeuroD2 and NeuroD6 electroporation similarly prevented cells from adopting the Müller glial cell fate (Figs. 10J,N, 11C) . In contrast to control and NeuroD1, however, significantly more cells electroporated with NeuroD2 (n ϭ 1739 cells, 3 retinae) or NeuroD6 (n ϭ 1648 cells, 2 retinae) adopted the amacrine cell fate (Fig. 10K,O) . Similar to electroporation at P0, approximately twofold more cells electroporated with NeuroD2 at P3 became amacrine cells compared with control retinae (Fig. 11D) . Threefold more cells electroporated with NeuroD6 at P3 became amacrine cells compared with control retinae. Electroporation of NeuroD6 also resulted in a small, but significant, reduction in the percentage of cells that became photoreceptors compared with control retinae (Fig. 11A) . In NeuroD2 electroporations, rare ganglion cells were observed; however, the ability of NeuroD2 to induce ganglion cells was significantly reduced when it was delivered at P3 compared with P0. No ganglion cells were labeled by electroporation with GFP alone at P0 or P3.
Comparing NeuroD family members directly with one another, significantly more NeuroD2 electroporated cells adopted an amacrine cell fate compared with NeuroD1 electroporated cells ( p ϭ 0.0036). Likewise, more NeuroD6-electroporated cells adopted an amacrine cell fate compared with NeuroD1-electroporated cells ( p ϭ 0.025).
NeuroD family members induced neurite targeting to specific laminae of the inner plexiform layer
In addition to influencing cell fate, electroporation of NeuroD family members influenced targeting of the processes of amacrine cells to specific laminae within the IPL (Figs. 7, 12 ). At P0, the amacrine cell types labeled by in vivo electroporation of GFP are predominantly diffusely stratified GlyT1 ϩ glycinergic cells, including the Dab1 ϩ , AII amacrine cell type (Fig. 12 A, E, I , M ) (Cherry et al., 2009) . In retinae electroporated with NeuroD1 or NeuroD6, AII amacrine cells are also identifiable according to their distinctive morphology (Fig. 7 E, M, white asterisks) and expression of Dab1 (Fig. 12 J-L, white arrows). However, introduction of any of the NeuroD genes by electroporation at P0 appeared to bias other amacrine cell processes to two to three specific laminae in the mature IPL (Figs. 7E-P; 12E-P, white chevrons). These neurites intercalated between the processes of ChAT ϩ cholinergic amacrine cell processes in the IPL (Fig.  12E-H, white chevrons) . In contrast to the NeuroD1-and NeuroD6-electroporated retinae, no morphologically identifiable AII amacrine cells could be observed in retinae electroporated with NeuroD2 (Figs. 7I-K,  12C ,G,K,O) (n ϭ 10 electroporated retinae). Electroporation of NeuroD2 led to a disappearance of morphologically normal AII amacrine cells; however, electroporated AII amacrine cells were still present in NeuroD2-electroporated retinae according to expression of Dab1 (Fig. 12K ,O, white arrowheads). Nonetheless, these cells no longer produced their stereotyped diffusely stratified morphology. Instead, their processes appeared to join with other amacrine cell neurites into two to three distinct laminae of the IPL (Fig. 12C,G,K,O) .
Discussion
Cell type-specific expression of bHLH factors The bHLH family of transcription factors has been shown to have multiple roles in the developing CNS. Many bHLHs are expressed in progenitor cells and influence cell cycle exit, as well as cell fate (Sommer et al., 1996; Cepko, 1999; Bertrand et al., 2002; Guillemot, 2007; Ma et al., 2008) . Expression of bHLHs is also in seen postmitotic precursor cells, as they are differentiating to adopt the characteristics of a particular cell fate, as well as in cells of the mature retina (Chien et al., 1996 ; Morrow Inoue et al., 2002; Ma et al., 2008) . In the present study, we demonstrate that bHLHs are expressed in distinct, but overlapping sets of retinal cell types. These expression patterns suggest that bHLH factors may have a combinatorial role in the development of retinal cell diversity, not simply at the level of cell class, but also at the level of distinct cell types.
The role of NeuroD factors in retinal cell fate
The role of NeuroD1 in retinal development has been well characterized (Morrow et al., 1999; Inoue et al., 2002) . Roles for NeuroD2 and NeuroD6 in the retina, however, have not been previously described. Elsewhere in the nervous system, these NeuroD factors are important for terminal differentiation, neuronal survival, and synaptogenesis (Olson et al., 2001; Ince-Dunn et al., 2006; Yang et al., 2009) . In the retina, we found that each NeuroD family member appears to have a distinct role in effecting cell fate (Fig. 13) . Loss of NeuroD2 in the retina resulted in a modest reduction in AII amacrine cells. Misexpression of any NeuroD factor was sufficient to suppress cells from adopting the Mü ller glial cell fate, in keeping with our previous observations of proneural bHLHs (Cai et al., 2000) . However, the effects of each NeuroD factor differed with respect to the neuronal cell types it induced or suppressed ( Fig. 13B) . At P0, NeuroD1 potentiated photoreceptor production, whereas NeuroD2 and NeuroD6 induced amacrine cell production. Interestingly, NeuroD2 misexpression was able to induce ganglion cell production in the central retina, outside of the normal developmental window of ganglion cell birth (Young, 1985) . At P3, as development progresses and fewer amacrine cells are normally being made in the retina, NeuroD2 and NeuroD6 were still able to potentiate amacrine cell production. However, these two factors no longer suppressed bipolar cell production, as they did at P0. This difference most likely reflects the changing competence of progenitor cells to produce different cell types over time, which resulted in different responses to the introduction of these genes. The effects of NeuroD2 and NeuroD6 misexpression in the retina are distinct from previously studied bHLH factors in several ways. First, unlike previous studies in which single bHLH factors have been misexpressed in the developing retina, neither NeuroD2 nor NeuroD6 induced photoreceptor production at the expense of Müller glia (Morrow et al., 1999; Hatakeyama et al., 2001; Inoue et al., 2002) . This demonstrates that these factors did not simply drive cells from the cell cycle and induce them to adopt the fate of the most abundantly made neuron type at the time that it was misexpressed. Another unusual aspect of NeuroD2 and NeuroD6 is that coexpression with a homeodomain transcription factor was not necessary to influence cell fate in a significant manner. Previous studies of Mash1 and Math3/NeuroD4 demonstrated that coexpression of either with Chx10 induced bipolar cells, whereas expression of the bHLHs singly induced only photoreceptor production (Hatakeyama et al., 2001) . It is possible, however, that coexpression of NeuroD2 and NeuroD6 with a homeodomain could further potentiate or otherwise alter their effects on cell fate. A third remarkable effect of NeuroD2 misexpression was the induction of ganglion cells, a result that has not been reported previously for bHLH misexpression in the postnatal mouse retina. This observation demonstrates that NeuroD2 is sufficient to overcome some aspects of temporal progenitor cell patterning as ganglion cells were induced to form outside of their normal developmental window. Together, these observations suggest that the normal function of NeuroD genes may be to influence cell fate decisions in differentiating retinal cells, and to act further downstream in cell type-specific development to drive cell type-specific subprograms of gene expression. . NeuroD6 is expressed in non-GABAergic, nonglycinergic amacrine cells (ac subset ) in the adult retina. Horizontal cells (hc) and a subset of ganglion cells (gc subset ) have a history of NeuroD6 expression, but this expression is not maintained in the adult. It is unknown whether rpcs expressing one or more NeuroD family members give rise to the cell types that express NeuroD genes in the mature retina. B, The effects of NeuroD family member misexpression on retinal cell fate at P0. The relative thickness of arrows reflects the production of each cell class compared with electroporation of GFP alone. Electroporation of the retina with GFP at P0 labels rpc and postmitotic cells that give rise to rod photoreceptors (rod), bipolar cells (bp), Müller glia (mg), and amacrine cells. Misexpression of NeuroD1 by electroporation increases the percentage of cells that adopt the rod photoreceptor cell fate, reduces the percentage of bipolar cells produced, and suppresses the Müller glial cell fate, but does not affect amacrine cell production. Misexpression of NeuroD2 suppresses the Müller glial and bipolar cell fates and induces amacrine cell and ganglion cell production, but does not influence the rod photoreceptor cell fate. NeuroD6 expression induces amacrine cells most strongly, while suppressing bipolar and Müller glial cell production. The photoreceptor fate is unchanged by NeuroD6 expression at P0. C, The effect of NeuroD family member expression on amacrine cell neurite targeting. Electroporation of GFP at P0 mostly labels diffusely stratified narrow-field amacrine cells. NeuroD1 and NeuroD6 do not affect AII amacrine cell morphology; however, some bias is seen in other amacrine cell processes toward two to three specific strata in the IPL. NeuroD2 causes all amacrine cells, including AII amacrine cells (*), to stratify to two to three specific strata within the IPL.
NeuroD factors and retinal circuitry
The expression of NeuroD1 in rod photoreceptors, rod bipolar cells, and AII amacrine cells outlines an important retinal circuit for vision under low light conditions (Fig. 13A) . It may prove to be a coincidence that cells belonging to a specific neural circuit express the same bHLH family member. Indeed, other bipolar cell types, namely cone bipolar cell types, seem to express NeuroD1. Interestingly, all NeuroD1-expressing bipolar cells appear to stratify to the ON layer of the IPL and AII amacrine cells are known to be presynaptic to cone bipolar cells in this region. Indeed, this synapse forms the penultimate output of the rod circuit in the retina under low light conditions and underlies important visual functions (Bloomfield and Dacheux, 2001; Münch et al., 2009) . Despite these correlations, cholinergic amacrine cells, which also express NeuroD1, are not currently known to play an essential part of the rod circuit. Among cells that express NeuroD2, only AII amacrine cells have a known morphology. Even less is known about the NeuroD6 ϩ amacrine cells that do not express either GlyT1 or Gad1. To better characterize and investigate the circuitry of NeuroD-expressing cells, one could produce GFP knock-in lines capable of labeling the entire morphology of NeuroD ϩ cells or construct a NeuroD promoter-reporter construct for electroporation. As these reagents become available, it may soon be possible to determine whether expression of each NeuroD factor is shared among specific synaptic partners and more importantly whether bHLHs function to define specific neural circuits.
The ability of NeuroD genes to target processes of electroporated cells to two to three specific laminae of the IPL suggests that a common transcriptional target of NeuroD factors may be involved in neurite pathfinding or homophilic adhesion (Fig. 13C) . In the former case, the target(s) may instruct neuronal processes to actively seek these layers. In the latter case, homophilic adhesion among neurites of NeuroD-expressing neurons may cause outgrowing neurites to colocalize to the targets of the first pioneering processes. Alternatively, these laminae may be the only layers available for occupancy of neurites produced at this late time point. This is unlikely, however, because the majority of amacrine cells produced at P0 are diffusely stratifying glycinergic cells (Cherry et al., 2009) . One intriguing detail is that NeuroD2 was the only NeuroD family member capable of influencing AII amacrine cell morphology. Although it is unclear why this may be, one possible explanation comes from the endogenous expression of NeuroD2 in AII amacrine cells. It may be that AII amacrine cells normally express NeuroD2 and therefore are intrinsically sensitive to varying levels the transcription factor. Although preliminary, the finding that NeuroD factors influence neurite targeting in the IPL may suggest a functional link between bHLH expression and the formation of neural circuits among molecularly defined neuronal cell types.
Conclusion
The specification and differentiation of a distinct neuronal cell type is a complex process. A cell must leave the cell cycle, migrate to an appropriate position, find the correct synaptic partners, and express the appropriate battery of genes necessary for its distinct function. This complex process can be simplified by considering it as a collection of individual fate decisions integrated over time (Jukam and Desplan, 2010) . Transcription factors undoubtedly play important roles in orchestrating these individual decisions to arrive at a distinct fate (Cepko, 1999 ). In one model, a transcription factor may act as a terminal selector of cell fate by directly controlling expression of a battery of terminal differentiation genes through common cis-regulatory target sites (Hobert, 2008) . Alternatively, a transcription factor may act downstream of such terminal selector genes as part of a feedforward loop driving one particular aspect of cell fate (Hobert, 2008; Baumgardt et al., 2009 ). Last, a single transcription factor may act in a combinatorial fashion with other transcription factors to produce a large diversity of cell fates while minimizing the number of necessary factors (Guillemot, 2007) . Cell type-specific expression of NeuroD factors may represent this third model. On one hand, NeuroD factors are capable of driving cells out of the cell cycle, selecting neuronal over glial cell fates, and directing cells to adopt a particular class identity. In the case of NeuroD2, this influence over cell fate can even occur outside the normal window of development for a particular cell class. This alone might suggest that NeuroD2 functions as a terminal selector gene; however, its expression is not restricted to a single cell type. Moreover, cell fates induced by NeuroD2 misexpression display only parts of the normal morphological development that is characteristic of these cells. Because NeuroD genes act in the early stages of fate specification as well as the later stages of morphological development, a multifaceted and combinatorial role for these transcriptional factors is most likely.
